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Tuesday, February 10, 2015 425aUnlike other voltage-gated ion channels, Hv1 is composed by two subunits
each containing a voltage-sensing domain (VSD) and lacking the pore domain.
On the other hand, Hv1 shares striking similarities with the M2 proton channel
of the influenza A virus (A/M2): in both cases a bundle of four helices lines a
proton conduction pathway and positively charged ‘‘fragment-like’’ molecules
act as blockers.
Starting from the recently solved structure of Hv1, we combined homology
modeling, molecular dynamics simulations and site finding methods to unveil
potential binding pockets in the most relevant conformational states. We
discovered that, similarly to the case of A/M2, the distribution of water mole-
cules inside the channel lumen is state-dependent, offering a rationale to
designing novel pore blockers.
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The Hv1 channel extrudes protons from cells in response to membrane depolar-
ization, and regulates the production of reactive oxygen species by NOX en-
zymes. Its excessive activity has been implicated in cancer development and
in brain damage during ischemic stroke. The channel is a dimeric complex
made of two voltage-sensing domains (VSDs), each containing a gated proton
permeation pathway. We have previously identified 2-guanidinobenzymida-
zole (2GBI) derivatives that block proton permeation through the two VSDs
(Hong et al. 2013, Neuron 77(2): 274-286). For these compounds, the binding
occurs independently in the two open subunits, and resembles the binding to a
monomeric version of the channel. Here we describe a separate class of guani-
dine derivatives - 2-guanidinothiazoles - that block Hv1 in a cooperative way.
Comparison of the dose dependences of inhibition of dimeric and monomeric
channels shows that blocker binding to one open subunit causes an increase in
binding affinity of the neighboring open subunit. Using a site-directed muta-
genesis approach, we identify the residues in the binding site responsible for
cooperativity and then explore the residues at the interface between subunits
that mediate allosteric coupling in the open state. Understanding the molecular
features of the inhibitor that modulate cooperative binding can help develop
better drugs targeting the Hv1 channel. This work is supported by NIH -Na-
tional Institute of General Medical Sciences, grant R01GM098973.
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In 1972, J. Woodland Hastings and colleagues predicted the existence of a pro-
ton selective channel that opens in response to depolarizing voltage (HV1)
across the vacuole membrane of bioluminescent dinoflagellates and conducts
protons into specialized luminescence compartments (scintillons), thus causing
the pH drop that triggers the light flash. RNA-Seq data from several lumines-
cent dinoflagellate species provided candidate HV1 genes. When expressed in
mammalian cells, the predicted HV1 from Lingulodinium polyedrum
displays the hallmark properties of bona fide proton channels, including
time-dependent opening with depolarization, perfect proton selectivity, and
characteristic DpH dependent gating. RT-PCR and Western blotting confirm
expression of HV1 in L. polyedrum. Fluorescence confocal microscopy of L.
polyedrum cells stained with antibodies to luminescence proteins luciferase
and luciferin binding protein and to HV1 reveal structures consistent with
HV1’s proposed function in bioluminescence.
[Supported by NSF: MCB-1242985, NIH: GM102336,/]
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Voltage sensing phosphatases (VSPs) contain a phosphoinositide phosphatase
domain (PD), which is under the control of a voltage sensor domain (VSD).Here, the underlying coupling mechanism is not fully understood. Recently,
Liu et al. (NSMB 2012) and Hobiger et al. (Biophys J 2012, PLoS one 2013)
proposed for Ciona intestinalis (Ci-) VSP an interaction of positively charged
amino acid residues in the linker, which connects the PD to the VSD, with
the negatively charged residue Asp400 in the ‘TI’ loop of the PD.
In light of these findings we revisited the engineered VSPs PTENCiV (Lacroix
et al., JBC 2011) and hVSP1CiV (Halaszovich et al., J Lipid Res 2012),
chimeras consisting of Ci-VSP’s VSD and the PD of PTEN or hVSP1, respec-
tively. In those chimeras Asp400 (Ci-VSP numbering) is not conserved. None-
theless, they show robust voltage dependent phosphatase activity. Mutations
within the linker showed effects mirroring those previously reported for Ci-
VSP, suggesting a gating mechanism similar to the one found in wild-type
Ci-VSP. We mutated Asp400 in Ci-VSP to Asn or Arg and the corresponding
Asn (hVSP1) or Arg (PTEN) in the chimeric enzymes to Asp and measured
their voltage dependent enzymatic activity as well as sensing currents to eluci-
date the importance of Asp400 for VSD-PD-coupling.
We propose that the interactions involving Asp400 described by Liu et al.
and Hobiger et al. are not a necessary prerequisite for the voltage dependent
activation of VSPs, but allow for a more efficient VSD-to-PD coupling. Further
work will be required to establish the essential interactions between VSP,
linker, and PD.
Supported by Deutsche Forschungsgemeinschaft (DFG, grant SFB 593, TP12
to D.O.) and University Medical Center Giessen and Marburg (UKGM, grant
32/2011MR to C.R.H.)
2139-Pos Board B276
The Role of the C2 Domain of Voltage Sensing Phosphatase (VSP)
Kevin D. Zolman, Paul M. Castle, Susy C. Kohout.
Cell Biology and Neuroscience, Montana State University, Bozeman,
MT, USA.
The voltage-sensing phosphatase (VSP) is a voltage-activated enzyme that de-
phosphorylates phosphatidylinositol phosphates (PIPs). VSP is unique because
it is the only example of an enzyme activated by voltage, providing the first
direct link between lipid signaling pathways and membrane potential. Along
with the voltage sensing domain, VSP also has a catalytic domain and a C2
domain. To date, the role of the VSP C2 domain is not understood. C2 domains
are generally known as lipid binding domains, however, previous work has sug-
gested the VSP C2 has a role in catalytic activity. Specifically, the crystal struc-
tures [1,2] show the 522-loop of the C2 forms a portion of the enzyme active
site and the mutation Y522A altered enzyme activity [2]. We further probed
the role of Y522 by introducing a phenylalanine instead of an alanine. We
found the Y522F mutation also shifts the voltage dependence of catalytic activ-
ity, suggesting that hydrogen bonding is not a factor when this residue partic-
ipates in VSP activity. A role in catalysis does not exclude the VSP C2 from
also contributing to lipid binding. To investigate this possibility, we started
by fully deleting the C2 domain from Ci-VSP and found that the presence of
the full C2 domain is necessary for normal phosphatase function. We then com-
bined more specific C2 mutations with the ability to manipulate PIP concentra-
tions using a rapamycin-induced system in order to further address the possible
roles of the C2 in VSP function. Our goal is to investigate how the C2 domain
contributes to VSP function.
[1] Matsuda, M. et al. JBC, 286, 23368-77 (2011).
[2] Liu, L. et al. NSMB, 19, 633-641 (2012).
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We have identified a protein coded by the C15orf27 gene that we named NVS
(Novel Voltage Sensor). NVS contains 531 residues, and contains an S1-S4
domain, a 90 residue N-terminus and a 307 residue C-terminus, both of which
are predicted to be intracellular. The most critical residues found in S1-S4 do-
mains of other voltage sensors are conserved in NVS, including 3 Arg and a Lys
in the S4 helix, 4 conserved acidic residues in S1-S3 and the charge-transfer
Phe in S2. In addition, the C-terminus is predicted to contain a coiled-coil
domain, similar to voltage-activated proton (Hv1) channels. Our hypothesis
is that NVS functions as a voltage sensor that couples to intracellular signaling
pathways or interacts with Hv1 to form heteroligomers through the C-terminal
coiled-coil domain. We used site-specific voltage-clamp fluorometry and iden-
tified several positions at the outer ends of S3 and S4 where labeled Cys resi-
dues produced changes in fluorescence as a function of membrane potential.
Several positions give complex fluorescence responses, starting with a rapid in-
crease in fluorescence followed by slower decrease in fluorescence. We also
investigated whether NVS can oligomerize with Hv1, but observe no change
426a Tuesday, February 10, 2015in the gating properties of Hv1 when coexpressed with NVS, and NVS was not
capable of interacting with Hv1 in pull down assays. Having no apparent inter-
action with Hv1, we set out to determine whether NVS forms oligomers. Using
chemical crosslinking and pull-down assays, we see formation of oligomers
that are consistent with dimers and dependent on the C-terminus. Taken
together, our results support the hypothesis that NVS is a voltage sensing pro-
tein capable of dimerization, with a function independent of Hv1. We are
currently using these findings and approaches to investigate the structural as-
sembly of NVS and to identify interaction partners.
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A voltage sensor domain (VSD) is a protein module that rearranges its confor-
mation based on the electric potential of the cell membrane. VSDs have clas-
sically been described as N-terminal modules that confer voltage sensitivity to
C-terminal pore domains in ion channels. More recently, N-terminal VSDs
have been shown to confer voltage response to C-terminal enzyme modules
in voltage sensitive enzymes (VSE), while the isolated VSDs of voltage gated
proton channels (Hv1) perform both voltage sensing and proton channel func-
tions. So far, VSEs and Hv1s have been found only in eukaryotes. We have
identified a set of prokaryotic sequences that contain a VSD homolog; how-
ever, the C-terminal domains of these sequences, which we refer to as putative
prokaryotic voltage sensitive enzymes (ppVSE), are dramatically different
from ion pores. As expected, predicted secondary structures of the N-terminal
domain are similar to those for bona fide VSDs; however, unlike the pore do-
mains of ion channels, which contain two transmembrane helices, predicted
structures of the C-terminal domains of the ppVSEs do not contain transmem-
brane helices. Alignment of individual domains to the HMM of the ion chan-
nel pfam pf00520 indicates significant similarity of ppVSE N-terminal
domains but no detectable similarity of ppVSE C-terminal domains to the
pf00520 HMM. A phylogenetic analysis of VSDs from prokaryotic sequences
indicates a distinct lineage of the ppVSE VSD. This is the first documented
evidence of a prokaryotic VSD-containing protein that does not have a pore
domain.
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The family of six-transmembrane-helices channels shows recognizable
sequence homology and a strictly conserved structural architecture; yet these
channels are involved in a significantly heterogeneous set of physiological
functions, ranging from reporting noxious environmental conditions, to shaping
the neuronal action potential, to syncing the beating of the heart. A striking
example of this heterogeneity is provided by the comparison between the poly-
modal transient receptor channels (TRPs), whose activation can be regulated by
several stimuli, and the voltage-gated ion channels (VGCs), which are activated
by the variations of the transmembrane potential through. By analyzing multi-
ple sequence alignments spanning the first four transmembrane segments (the
voltage sensor domain in VGCs) and comparing TRPs and VGCs, we highlight
the sequence determinants of voltage-driven activation. To this end we exploit
the concept of fractal dimension to characterize the complexity of the two data-
sets. Moreover, we use a novel feature-selection approach, to identify the so-
called maximally informative samples, i.e. set of residues whose distribution
is maximally informative about the selection pressure that generated and differ-
entiate the sequence ensembles.
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Recent electrophysiological studies have shown that the mechanism of voltage-
driven gating in Kv channels is exquisitely sensitive to the composition of the
lipid membrane. For instance, non-phosphate lipids can dramatically right-shift
the voltage dependence (G-V curve) of KvAP (1,2) in a way that promotes the
stabilization of the ‘‘down’’ conformation of the voltage sensor. We evaluated
the conformations of KvAP’s isolated VSD by means of site directed spin
labeling CW EPR and DEER spectroscopy through reconstitution in lipidswith (POPC:POPG) or without (DOTAP) phosphate groups. Our data sug-
gested a novel Tilt-Shift model for the mechanism of voltage sensing with a
~3 A˚ upward tilt and simultaneous ~2 A˚ axial shift of S4 (3). We have extended
these measurements to evaluate the effects on the KvAP pore domain and quan-
tify the DOTAP molar fraction dependence on the conformation of the inner
gate. While in the full-length channel DOTAP reconstitution triggers confor-
mational rearrangements in both the S4 segment and the S6 inner bundle
gate, in the absence of voltage sensing domain, DOTAP is unable to generate
significant rearrangements in S6. This result is consistent with the idea that S4
movements are allosterically transmitted to the inner bundle gate. Although the
mechanistic correlation between voltage-dependent and lipid-dependent gating
in voltage sensing domains remains to be fully characterized, it is clear that just
as with electric fields, the interacting lipids play a determinant role in defining
the equilibrium between the activated and resting states of voltage sensing
domain.
1. D. Schmidt, Q. X. Jiang, R. MacKinnon, Nature 444, 775 (2006)
2. H. Zheng, W. Liu, L. Y. Anderson, Q. X. Jiang, Nat Commun 2, 250 (2011)
3. Q. Li, S. Wanderling, P. Sompornpisut, E. Perozo, Nat Mol Struct Bio l21,
244 (2014)
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Physiological sensation of heat or cold in higher organisms is mediated by
specialized ion channels whose opening and closing is exquisitely regulated
by ambient temperatures. Members of TRP channel family, a branch of the
much larger voltage-gated ion channel superfamily, serve as the primary phys-
iological thermo-sensors. However, the physicochemical underpinnings of high
temperature-sensitivity of channel gating remain poorly understood. Here,
using a heuristic protein design approach, we have transmuted a temperature-
insensitive potassium channel into a heat or a cold-sensitive channel. By
varying amino acid polarities at sites undergoing state-dependent changes
in solvation, we were able to systematically confer temperature-sensing
phenotype to a prototypical voltage-dependent potassium channel. We also
demonstrate that magnitude of voltage-sensing charges inversely modulate
temperature-sensitivity consistent with predictions of thermodynamic
coupling. These emerging molecular principles provide a template to under-
stand varied temperature-dependent gating phenotype in channels with
conserved transmembrane architecture.
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Much has been learned about the voltage sensors of ion channels since the X-
ray structure of the mammalian voltage-gated potassium channel Kv1.2 was
published in 2005. The availability of high-resolution structural data of a Kv
channel paved the way for the structural interpretation of numerous electro-
physiological findings collected over many years in a variety of ion channels,
most notably Shaker, and allowed the development of meticulous computa-
tional simulations of the activation mechanism of Kv1.2. The fundamental
premise of the validity of the interpretation of functional measurements
from Shaker using the structure of Kv1.2 is that both channels are related
closely enough such that correlation of their data is a trivial task. We set out
to confirm these assumptions by measuring the voltage sensitivity of the chan-
nel using the limiting slope method, followed by the determination of the
gating charge through gating current recordings. We found that the gating
charge, as measured by both techniques, is 10 e0, ~25% less than the well-
established 13-14 e0 in Shaker. Next, we neutralized each of the six positive
residues in S4 of Kv1.2 to probe the cause of the reduction of the gating
charge, and found that while replacing R1 with glutamine decreased voltage
sensitivity to just about 50% of the wild-type channel value, mutation of the
subsequent arginines did not have an effect nearly as large. These data stand
out as different to Shaker’s, where removal of the first four positive residues
reduces the gating charge by roughly the same amount of elementary charges.
We propose that the septum that separates the aqueous crevices in the VSD of
Kv1.2 is thicker than Shaker’s, and that this accounts for a smaller gating
charge in Kv1.2.
